PURPOSE. Super-selective intra-ophthalmic artery chemotherapy (SSIOAC) is an eye-targeted drug-delivery strategy to treat retinoblastoma, the most prevalent primary ocular malignancy in children. Unfortunately, recent clinical reports associate adverse vascular toxicities with SSIOAC using melphalan, the most commonly used chemotherapeutic.
CONCLUSIONS. These results reflect a direct interaction of chemotherapeutic drugs with both the vascular endothelium and monocytes. The vascular toxicity may be related to the pH, the pulsatile delivery, or the chemotherapeutic drugs used. Our long-term goal is to determine if changes in the drug of choice and/or delivery procedures will decrease vascular toxicity and lead to better eye-targeted treatment strategies. (Invest Ophthalmol Vis Sci. 2012;53:2439-2445) DOI:10.1167/iovs. R etinoblastoma is the most common primary intraocular malignancy in children. When retinoblastoma is confined to the eye, cure rates exceed 90%. While multiple treatment modalities are available, there has been a recent focus on performing targeted vascular drug delivery via super-selective intra-ophthalmic artery chemotherapy (SSIOAC) infusion, with melphalan as the drug most commonly used. 1, 2 Selective delivery of chemotherapy to organ-limited tumors should provide effective concentrations of appropriate drugs where needed while reducing systemic exposure, and SSIOAC has been very successful in doing so. 1, 2 Yet the ultimate success of targeted vascular drug delivery will depend upon the ability of the vascular system to remain functionally intact to adequately distribute the drug throughout treatment, as well as to sustain any remaining healthy tissue after tumor cells have been therapeutically destroyed. Melphalan is cytotoxic through the formation of intrastrand DNA cross-links or DNA-protein cross-links via the two chloroethyl groups on the molecule, resulting in alkylation. 3 While initial reports detailed the efficacy of SSIOAC with melphalan in the treatment of retinoblastoma with minimal problems, 1,2 more recent studies have reported vascular toxicities such as ophthalmic artery thrombosis, sectoral choroidal nonperfusion, as well as retinal and vitreous hemorrhages. [4] [5] [6] These vascular toxicities may result from overdose of the chemotherapeutic. For instance, previous studies have determined that 4 lg/mL melphalan is 100% cytotoxic to primary retinoblastoma cells in culture, 7 meanwhile clinically, 30 mL of 167 lg/mL melphalan is infused during SSIOAC 4, 6 ; the actual concentration that enters the eye is unknown.
As part of a group of parallel studies using primary human retinal endothelial cells and a newly developed in vivo nonhuman primate (NHP) model to determine if SSIOAC can be improved to obviate vascular side effects and provide needed treatment with appropriate drugs, we report on cellular activity as a result of exposure to clinically used chemotherapeutics and preliminary histopathology post SSIOAC.
METHODS

In Vitro Studies
were grown in M131 medium containing microvascular growth supplements, 10 lg/mL gentamicin, and 0.25 lg/mL amphotericin B (Invitrogen, Carlsbad, CA). Before the experiment, cells were transferred to high (25 mM) glucose medium (CSC), supplemented with antibiotics, and grown to 80% confluence. Primary cells (passages 2-4) were used. Cells were quiesced by incubating in high glucose medium without fetal bovine serum (FBS) for 24 hours, then used to perform the experiments unless otherwise indicated. Once confluent, cells were trypsinized and counted using hemocytometry.
Treatment drug solutions were made according to the manufacturer's directions and added at the following doses, unless otherwise indicated-melphalan: 0.1 lg/mL, 0.4 lg/mL, 1.0 lg/mL, and 4.0 lg/ mL (100% cytotoxic in cell culture 7 ; Bioniche Pharma, Lake Forest, IL); carboplatin: 10.0 lM, 100.0 lM, and 1.0 mM (concentrations of 2.0 nM to 200.0 lM were found to reduce cell viability and proliferation 8 ; APP, Schaumburg, IL). Treatment with sterile drug diluent (provided by the manufacturer for melphalan [containing sodium citrate 0.2 g, propylene glycol 6.0 mL, ethanol (96%) 0.52 mL, and water for injection to a total of 10 mL], and normal saline for carboplatin) was used as a control. Data from each treatment group, presented as a percentage of control, were compared with the control group. Statistics were performed using Prism v4.0 software (GraphPad Software, La Jolla, CA) using a Kruskal-Wallis test and Dunn's posttest, assuming statistical significance at P < 0.05.
To measure treatment-induced cell death (apoptosis) using ELISA (a photometric enzyme immunoassay that quantitates cytoplasmic histone-associated DNA fragments [mono-and oligonucleosomes] after induced cell death), we placed an equal number of cells into each well of 24-well plates and cultured in high glucose medium for 3 days. Cells were then starved (without growth factor) overnight, followed by treatment for 24 hours. Briefly, according to instructions supplied with the Cell Death Detection ELISA kit (Roche Applied Science, Indianapolis, IN), the cells were washed with PBS, lysed, and the lysates collected and incubated with immunoreagent (antihistone and anti-DNA, provided in the kit). The resultant antibody-nucleosome complexes were measured spectrophotometrically at 405 nm (vs. 490-nm reference). Absorption (recorded as optical density) at 405 nm increased with increasing presence of cytoplasmic DNA fragments in the lysate (specifically histones H1, H2A, H2B, H3, and H4).
We used the BD Biocoat Angiogenesis Assay (BD Biosciences, Bedford, MA) to test how treatment affected cell migration. The angiogenesis assay works well for migration studies because the porous, fluorescence-blocking inserts allow for movement (migration) of cells from one level to another within the same well. Since the insert blocks the passage of light from 490 to 700 nm, only fluorescence from cells that have migrated is counted and correlated to cell number. Briefly, 100,000 cells/well was added to the top three levels of 24-well angiogenesis plates. Treatments were added to the lower wells of each angiogenesis plate for 24 hours. After 24 hours, calcein AM, a fluorescence dye, was dissolved in Hank's buffered saline and placed into a new 24-well plate, which was combined with the angiogenesis system plate. After 1.5 hours, the plate was read on a fluorescent plate reader at 485 nm (vs. 530-nm reference).
To study how treatment affected proliferation, 50,000 cells were plated into each well of a 96-well dish and incubated for 24 hours. After a 48-hour treatment, the cellular proliferation was determined using tetrazolium salt WST-1 and a microplate reader according to the assay manufacturer's instructions (Cell Proliferation Assay Kit, WST dye, ELISA based; Millipore, Billerica, MA) at 440 nm. The absorbance at 440 nm (recorded in optical density) is directly correlated with cellular proliferation.
Those treatments producing significant cellular activity were used in microarray analyses to determine which genes were altered after 24hour treatment. The chemotherapeutic was placed onto four 60-mm dishes of cells, and four dishes remained untreated as controls. After 24 hours, the RNA was collected and frozen at -808C for later analyses. Microarray analyses were done by Genome Explorations, Memphis, Tennessee, using their human Affymetrix gene chip. Genome Explorations provided a list of differentially expressed genes with statistics and analyses of the enriched pathways in the differentially expressed genes. The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE34389 (in the public domain).
ELISA analyses on treated REC for those proteins identified by microarray analysis were used to verify that increased RNA production resulted in increased protein production. ELISAs were performed according to the manufacturer's instructions (IL-8; Thermo Fisher, Pittsburgh, PA, and intracellular adhesion molecule-1 [ICAM-1]; Millipore). Briefly, as both the IL-8 and ICAM-1 are colorimetric ELISA assays, they are read on a standard microplate reader, with results given in optical density. The IL-8 assay uses a biotinylated antibody reagent and anti-human IL-8 labeling. The ICAM-1 assay uses anti-ICAM-1 labeling. Both IL-8 and ICAM-1 absorbances are measured at 450 nm (vs. 550-nm reference).
The exploratory nature of these studies led to the choice to examine the effects of melphalan, as the current drug of choice for SSIOAC, at the 100% cytotoxic dose of 4 lg/mL on monocytic cell adhesion to REC. In a parallel-plate flow chamber with a continuous flow-loop and loaded with REC monolayers grown on slides (Cytodyne Inc., La Jolla, CA), at a shear stress of 2 dyne/cm, 2,9,10 U937 cells (2.5 · 10 6 cells/mL, ATCC, Manassas, VA) were perfused through the chamber in RPMI 1640 medium containing 10% serum. After 2 hours, the chemotherapeutic was injected into the flow chamber. Phase contrast images of U937 cells adhering to human REC monolayers were obtained using a Nikon Diaphot 300 phase-contrast inverted microscope (Nikon Instruments, Inc., Melville, NY) equipped with a Dage-MTI series 68 camera (Dage-MTI, Michigan City, IN). High-resolution video was directly captured and analyzed using Adobe Premier Pro CS5.5 (Adobe Systems, Inc., San Jose, CA). Adhesion events were monitored for up to 4 hours over 8 fields of view (Ø 20 mm). Firm adhesion was defined as interacting monocytes remaining stationary for more than 3 seconds. 11, 12 Following flow chamber analysis, monolayer slides were fixed at room temperature with 4% formaldehyde for 10 minutes and washed with PBS three times. Human anti-ICAM-1 conjugated to PerCp-Cy5.5 and anti-P-selectin (Santa Cruz Biotechnology, Santa Cruz, CA) were diluted in PBS and incubated with the slide for 1 hour at room temperature. Slides were washed with PBS and incubated with DAPI nuclear stain for 10 minutes and washed again in PBS. Mounting medium and coverslips were added and sealed. Slides were maintained at 48C until analysis. Slides were analyzed using a Zeiss LSM 710 confocal imaging system with Zen 2010 software (Carl Zeiss Microscopy, LLC, Thornwood, NY).
Non-Human Primate Studies
Six adult male Rhesus macaques (9-13 kg, Macacca mulatta) were randomly assigned into one of two treatment cohorts (n ¼ 3 per cohort), melphalan (5 mg/mL) or carboplatin (30 mg/30 mL). These treatment doses are higher than those used in the cell-culture model but are consistent with those used to treat children. 1, 2, 4, 5, 7 This NHP model was chosen for three principle reasons. Rhesus macaques have (1) similar body size (weight of 13 kg and body surface area of 0.5 m 2 ) to an average 2-year-old child, which is the likely age of a child undergoing treatment for retinoblastoma; (2) comparable orbital vascular anatomy (the ophthalmic artery is a first-order branch of the internal carotid); and (3) an eye with anatomy and size similar to that of a 2-year-old child (median size of eye at gross examination [19 mm · 19 mm · 19 mm as compared with child's eye of 20 mm · 20 mm · 20 mm], and vitreous cavity of approximately 5 cm 3 ).
Animals were followed daily, post SSIOAC, by veterinarians for complications related to anesthesia and SSIOAC. Activity, diet, and blood counts were monitored. Weekly ophthalmic examinations were performed under intramuscular ketamine (10 mg/kg) sedation. Digital external and retinal images were obtained (data published previously 6 ).
All animals studies were undertaken with approval of the Institutional Animal Care and Use Committee of the University of Tennessee Health Science Center under direct supervision of veterinarians and in compliance with the ARVO statement on the use of animals in research.
Each animal underwent three separate SSIOAC procedures spaced at 3-week intervals. The SSIOAC procedure and drug preparation technique used was described in a previous report. 6 Briefly, the right ophthalmic artery/eye was selected for treatment unless prohibited by vascular anomalies. Animals from each cohort were alternately treated to reduce the likelihood of bias in methodology and technique. Prior to each SSIOAC procedure, a baseline ophthalmic examination was performed. Real-time digital retinal images were obtained using a RETCAM (Clarity Medical Systems, Pleasanton, CA, data published previously 6 ). The final SSIOAC for each animal was a terminal procedure during which intraocular pharmacokinetics were measured (results to be reported separately). Postmortem eyes, optic nerves, ophthalmic arteries, and orbital vessels were harvested and submitted for histopathology. For the purposes of this report, descriptive histopathology of the ophthalmic and orbital vessels is reported herein; comprehensive, quantitative light microscopy and transmission electron microscopy studies will be reported separately.
Descriptive histopathology was gathered by enucleating the eyes under anesthesia 6 hours after the final SSIOAC. The enucleated eyes were immediately injected with 1-mL of 0.4% paraformaldehyde and placed in formalin. The animals were then euthanized and perfused with 10% formalin. The eyes were opened vertically with removal of nasal and temporal caps. The pupil-optic nerve section was embedded temporal side down. The eyes were completely sectioned, temporal to nasal, yielding approximate 500 sections per eye. The orbital vessels were inked, cut in approximate 5-mm increments, and serially sectioned yielding approximately 100 slides per vasculature tree. All slides were reviewed by the senior author (MWW). 
RESULTS
We found significant effects on the in vitro cellular activity of the REC exposed to both melphalan and carboplatin as compared with controls ( Fig. 1 ). There was a biphasic response of REC to increasing doses of melphalan, with 4 lg/mL causing a five-fold increase in cell death and 0.4 lg/mL inhibiting cell death (Fig. 1A) . In addition to stimulation of DNA fragmentation at 4 lg/mL, this dose also significantly increased REC migration ( Fig. 1B) and cell proliferation in the remaining cells (Fig. 1C ). Carboplatin treatment of REC produced a significant increase in cell death at the highest dose ( Fig. 1D; 1 mM, approximately one-third of the dose used in the in vivo model [2.69 mM or 30 mg/30 mL]), while the lowest doses of carboplatin significantly increased cell migration ( Fig. 1E ) and proliferation (Fig. 1F) .
We performed microarray analyses and ELISA assays on REC treated for 24 hours with 4 lg/mL melphalan or 1 mM carboplatin versus untreated cells. A large number of genes related to inflammation were activated following melphalan exposure (Table 1) . Of particular interest in the setting of inflammation, was the upregulation of IL-8 and ICAM-1 genes, which led to significantly increased levels of IL-8 ( Fig. 2A) and ICAM-1 (Fig. 2B) proteins. Carboplatin treatment also showed significant increases in the production of IL-8 ( Fig. 2C ) and ICAM-1 (Fig. 2D ) in REC.
To evaluate whether the ICAM-1 was involved in cellular adhesion, we used a parallel plate flow chamber assay to examine the functional significance of the melphalan-induced expression of adhesion (ICAM-1) proteins by REC. As shown in Figure 3 , when U937 cells were perfused over untreated RECs at a rate of 2 dynes/cm 2 , negligible monocyte adhesion was observed. Conversely, the addition of 4 lg/mL melphalan in the perfusate triggered a statistically significant increase in monocyte adhesion, which began as early as 30 minutes after melphalan addition. Additionally, confocal imaging ( Fig. 4) of REC exposed to melphalan showed increased expression of both P-selectin ( Fig. 4F ) and ICAM-1 (Fig. 4G) , which is consistent with the results of the flow chamber and protein testing.
In the NHP model, descriptive histopathology analyses ( Fig.  5 ) revealed that SSIOAC with melphalan and carboplatin produced retinal and choroidal vasculature toxicity. Serial sections of retinal arterioles, 50 to 10 lm in diameter, revealed smudging of the endothelial cells and their basement membrane ( Fig. 5A ) with associated with leukostasis ( Fig. 5B ) and terminal vessel occlusion (Fig. 5C ) in the six animals, regardless of chemotherapeutic used. Similar changes were also seen in the short posterior ciliary arteries and choroidal vessels, which were slightly larger in diameter, 60 to 90 lm.
DISCUSSION
SSIOAC has come to the forefront in the management of retinoblastoma, but ocular and orbital toxicities are now being delineated. 5 We undertook parallel in vitro and in vivo lines of research to determine if SSIOAC can be improved to obviate vascular side effects and provide needed treatment with appropriate drugs.
Studies have shown that both melphalan 7 and carboplatin 8 are effective in killing retinoblastoma cells at the doses used here, but little has been done to investigate whether either drug is toxic to normal ocular elements in concentrations being used for SSIOAC. At the highest concentrations studied in vitro, both drugs produced a five-fold increase in cell death of REC compared with controls and also triggered cellular migration and proliferation in the surviving cells. Protein analyses and mRNA of REC exposed to melphalan and carboplatin for 24 hours showed a significant increase in multiple inflammatory mediators, particularly IL-8 and ICAM-1. Increased expression of these molecules is consistent with our observation that treatment of REC with melphalan in vitro increases adhesion of monocytes to REC monolayers.
In breast cancer cells, inhibition of IL-8 can decrease cellular migration and invasion, 13 suggesting that IL-8 is key to cell migration in other cancer cell types. In nude mice with altered retinoblastoma gene levels, IL-8 increased neutrophil migration in the retinoblastoma-competent cells versus retinoblastoma-defective cells. 14 Work in the liver using the ischemiareperfusion model has shown that the use of antibodies against ICAM-1 can prevent leukostasis and neutrophil adherence. 15 For our in vivo studies, we chose to use an NHP model (Rhesus macaques; Macacca mulatta). Although our NHP model does not completely mimic a child with retinoblastoma-our treated eyes were devoid of pathology with an intact blood-retinal barrier-it approximates the weight and size of an average 2-year-old child with a comparable orbital vascular anatomy, and an eye of similar size and anatomy. We can therefore conclude that the drug distribution from the ostium of the ophthalmic artery, through the central artery, to the choroid and retina is analogous; thus our observed vascular toxicities are relevant to children treated via SSIOAC. Although others have used a porcine model, the marked vascular and ocular anatomical differences favor an NHP model. 16, 17 Our studies were exploratory in nature and as such are subject to limitations. Our NHP cohort was limited to six animals. We felt it best to treat each animal in accordance with the literature to ensure our findings were reproducible, which they proved to be. After the first two infusions (of 18 total), each infusion included a 5-minute infusion of normal saline prior to treatment; no animal was treated with vehicle alone. Other than variations in optic nerve appearance, we saw no vascular toxicities during the pre-infusion.
In contrast to melphalan, which was previously used primarily as a high-dose alkylator for bone-marrow ablation prior to bone-marrow transplants 18 and to treat multiple myeloma, 19 there is extensive experience with carboplatin in the treatment of intraocular retinoblastoma. Although periocular delivery has demonstrated therapeutic intraocular levels of carboplatin, 20 the principle route of delivery has been intravenous in conjunction with vincristine and etoposide. 21 We are unaware of similar vascular toxicities reported with intravenous administration of carboplatin. As both melphalan and carboplatin elicited similar in vitro and in vivo responses, the clinical response recently seen to SSIOAC with melphalan 4,6 may be a result of one or several of the following mechanisms: pH of infusate, mechanical stress, and/or particle size (of the chemotherapeutic drug).
Both melphalan and carboplatin are typically dissolved in saline at pH 5.0 to 5.5, making the solutions relatively acidic. Nonetheless, the treatments are vastly diluted when introduced into large-caliber venous vessels. The effect of infusing an acidic solution into a small-caliber artery, such as the ophthalmic artery, is not known. Given the strong precedent for acid-induced toxicities in other vascular conditions such as thrombophlebitis, 22 there is a clear need to further determine if toxicity, drug solubility, and efficacy could be altered by use of pH-adjusted or buffered infusion solutions.
Another consideration is that pulsatile SSIOAC infusion may produce mechanical stress to the ophthalmic artery, the central retinal artery, as well as the small vessels of the retina and choroid, and may cause blunt trauma to the endothelial cells or pericytes. The preliminary studies reported here did not include a cohort of SSIOAC infusions with the only vehicle, normal saline. Such a cohort would help determine if mechanical damage caused by the SSIOAC process itself is occurring; this cohort is planned for future studies.
Finally, studies in atherosclerosis on medium to large vessels have demonstrated that microvesicles, much smaller than the diameter of melphalan precipitate seen in our real-time RETCAM studies (approximately 5 lm), 6 trigger increased adhesion to the vascular wall of the blood vessels, along with increased ICAM-1 expression in the endothelial cells of the blood vessels. 23 The expression of inflammatory adhesion markers, such as ICAM-1, can be regulated by flow factors such as wall shear rate, particle size, and blood composition. 24, 25 Taken together, the pulsatile flow created by manual control of infusion, coupled with formation of precipitated material seen in our previous report, 6 could be expected to create an environment capable of triggering an inflammatory response leading to leukostasis and eventually to the types of retinal arteriole emboli, or Roth Spots, observed in human subjects. 4 In conclusion, using SSIOAC to deliver clinical doses of either melphalan or carboplatin in an NHP model resulted in ocular vascular toxicities in exploratory studies. In human REC treated with much lower doses of melphalan or carboplatin, cell death was increased significantly, while surviving cells had increased cell migration and proliferation compared with diluent-only treatment. The increase in cell migration and proliferation was associated with increased mRNA and protein levels of IL-8 and ICAM1, which corresponded to increased neutrophils observed in retinal vessels in vivo. Future work will optimize SSIOAC to address pH, pulsatile delivery, and optimal drug of choice.
